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'acm/;:m ..g}zd:u: . The lu.'zwa.“ atiention u..téeca&:wé&wna’au a.en—

. son in duccc&ed:toa,.unu.demwr of *he efiects Linfed with the dfuﬁtmu&n/s o,f
Hie plasma ga.:d:oc.\.e.a, m‘u.c/c {elfects] wne mnrm& fox weves with a veru; o .
Fﬁaa v_,focu':r{., ie. ae.af the orszt. of flz’e velocities of the 'b’«_ﬁ mova; .‘7n.
- e paper, 5' canoaat 4 expressed ﬁzu. a Linal understarding of the éomn z.*acwna:?_
Zensox of Jielectnic pyzmaabz.&g; 43 veny corzvem.._m‘. for a .ww.uon of e S
o loma ;zvq&uzg the Luictuatichs and stubilitiy-of haZeno wogeneous plasma since under
sick ar dp .mo‘ti/xe}n_uaegwed onfyaao«u..wn. of te ﬁawa(l equation, witi- o
7' w.i«.uzg £ nesont each time to oulitions-of the e.,catwu Lon, motion of dza,z'us. -
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ues ard also Gegzzaw,taaomé wwe sufli ;m&amiwzedmzded:&m—
versedy Lo Fhe wetic . The d..b..ncy "f oscillations is assumed o be high
in cor'w...mo.. th e uency of e paictw&.é' co&‘,fi.uf.qn.o. S
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e -I.EZLA'M exination Lo wad: ol the cuse of Lomprzssuwe plasme (5-€ 17 in
absence of cquilibnium efectricat and r."/~:at¢ona£.;kezab when a ody i2ic nZ
’J -~ & J./.J.s.&.
role Lo pizsed only by the e,_,wz of Larmon dnili. For #is case, thene is derived
a more slimie expaeodLar fon e ~en44r of dietoctric prwcabilily ard aiso an equa-

s .

Lion fon e nor —vontical ocscillations a/ a/:bw.a/# '“')duemy

Pwm~ac“u; attention is devoted Zo the ~cw-_nzam~nq? waves (with a fzza"enhu

Loven Zhar the cycloinon donic), pro ;atum adnced ransvense Zo e magredic ;.’x_ad
Lissersion eguations are dhvelqpea 4 ﬁiyor end Lon-sonic weves in a zcienqgeneOJA
oz.,z;m 22, nzcu.&ed ot 1 movemenits., /‘:..de waves ,o/w/e 2o be unsiahiz .J" poasw 7
eir osciilation bui may represeri a denger in the experimenits on ihe conline-

ment of the plaoma.

1 Insrcduction

The problem of the oscillaiions of 2 he§erogéneous hes attacv.. the at~
ition of pumerous researchers irefs. 1 — 4!. This is explained by the Zaci
= certazn types of oscillation prove unstable and can affect sizzificanily
ans?er coefficients in the plasma. However st preseat the methods of in-
cating this problem have been developed much less than is the cise Zor
aomoreneous plasma {refs. 5 - 8'- In this report, a general method is deoveloped
for situdying the oscillations witn the zid of the tensor of dieleciric permea—
bll;zv- Lnls tensor is comruted below by way of the solution of the kinetic
*  equaiiom. If the tensor of dielectric permeubility is known, the problem of
. investigating an arbitrary type of oscilletion raduces only to a solution of
the Mexwell equation; therein, the need is obviated of solving each itime the
equations for the motion of the charges. Such & method also permits us to sys-
tematize-%he individual, at first glaace disconnected, types of oscillatioas
of 2 heterogeneous, and also 1o eatabl*sn their 1ntef“ela tionship wiih the
tyncs of oscillation in a homogeneous plasme. Acvordlng to the form of the var-
ious components 02 the tensor, even prior to a solution of the Maxwell equation,
- we sometimes are able to form a conclusion regarding the existence and the prop-
erties of & given type of oscillations.

+

ol
b e
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In tcis report, we limii ourselves to a survey of the case of "plane geom—
etry" i.e. we consider the force lines of a nermanent magneiic field to be
‘straight parallel lines. For the purrose o a qualitetive considerution of the
curvature of the force 11nes; a fictitious gravitational field is iniroduced.
(is is known, the effects Leing ovoked by these two Tactors are analogous; e.g
convective instability [5]) The gradients of the equilibriu: values and also

- the gravitational field are assuwmcd to be sufficiently small and directed tran~
sversely to the magnetic field. The frequency of oscillations is assumed to be
high ac compared with the frequency of the particles' coilision. i solution of

=] .- the kinetic equation is socught in a linear epproximation in respect to the wave
" amplituda.

A o - In Section 2 Loliow, we have found the distrioution function wiil an Lecur-
;Z zcy up Lo terms of the first orcer.in respect to the gradients of the equili-
vea - brium parameters of the plisma. The correspondiag equilibrium distril.ation fune-

tion is coasidered to be an wrbitrary functicns of bthe velocitics and of one
of tie coccdinates (but, of course, as dependiag only slightly on this coordin-
. ate). The wave frequency is postulated to be arbitrary as compared wiih the

- L ) . ) _.2_
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reiosirvon Jregueawey of the wyone of fard > TLe copencence
~ Lovave's Pield upon the coorcliates szlegred Xa Iae form ol Tne prouey
esuoving Irom muldiplying tae plame wave e oy an arbiirery funciion of 3ae
recvion o2 ike heterogencity (“ amplita ude). Sueh & choice Deraits “he Ifindin
2 i ciharacierisvics of Gue plas v

exzreasion for the periurbed Tuneticn ol al etr;:r"lon TaeTe

:"::S'; derivedives with respect ¢ tl:e coexdinnie of {he wave
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vevic of  ..: Larmor radius of vhe zardicies vo the Muave leng (ie
veiv: ~ 3/ .&i) is assumed %0 be aubitrary. The wave lengin is consiiered i- e
sligav 23 ccmpared with the dizeunsioz of the system

in Scciion 3, the expz'ess-‘o“ develo:
for thc calculation of the ccoundugil

& Yoeen

Tuz , and also of the polarizaticn veevos X, yiel i.xg a connecuon set

doensity of the charge and the wave's dielecuriec lield. Specificully, *Ll.e vec=—
$on X is useful in the investigaticn of the loagidutinal oscillations (VX =
=3}, when in place of the compleve sysicm of the Maxwell equation, we can use
o Juisson ec;ua":.icn, in which . 2 enitez: only the charges' demsiiv. Tie vee-
wor X is Linked with the tensor Jg . Sy ihe continuiiy eqaa.uion and ciuals & cer—
v...n comiination of componenis O, fIOr-’“'e-, the siucdy of the lorgitudin l os—

¢c.ilazions cax no‘i; be correctly conireted solely with the aid o iae Poiss
ccuavion, since 1% is requlred each iime To substantiate the nypoihesis regjord-
ing wae lonzitudinal state, and in this regerd one can by no means menage with—
out ine c.o::‘;le te system of Maxwell equasicis, in which are mcludeu the currents
¢ heace all the ccuuonents of the Tenscr G & °

ia:-:'.ur; pereneters coes aot always prove adscuate Jor the iaves vlg-.vi of cer-
wwlin wave vypes. Therefore, in Section 4, we have solved the kinevic equaiion
wit: an szeuwracy up to terms, gquadraiic iz respect to the gradient o an cquil-
ibrium disiribution fumcition, for & particulir instaie of low press.xre plasm-
It is demcastrated dthat these terms zay become real for waves of very low {as

o

coxzzered with the cyclo won) freguencys. Such frequencies are typ;.ca.. cf mag-
2 I

45 |.4

newshydrecynemic instabilities Lzef.

Zhe results of Sections 2 - 4, having great generality, are at the same
vime cuiie awitward. They are renrcs 2ated in the form of infinite sums ol doub~-
le integrais in respect to the velocities. If we chcose a cerfain coucreie form
of eguilibrium distribution furction, in the cxpressions for Tup we can then
conduct an integration with-respect to the velocities. In Section 5, we have
ciosen a waxwell equilibrium distribution Zuacvion (with the appropriate slight
addition, associated with the plasma's heicrsgeneity) and also assuming what
the plasma's pressure is low (37 p/3 32 1; NB, =0; g =0), ve conducted in
Jap  the integraiion with respect to velociiies. In this regard, wae.ic.sor
J;~ , éeseribing the properties cf a heterogoncous plasma is expressed ine a
*orm anelozous to the case of a homogenccus plasma——as the infisiiz sum Prom
the product of the Cramp (Kramp) functicns times the Bessel fuacvion fros whe
izzzinaryeargunent {ref. 2]. In this sec‘a:‘.on, iv is shown that if “he elfects
2iiTed with vhe gradient of the megunetic field and the gravity forco: are not

ula ..untz..-, in the reading=off systecm wiere the cquilibrium electric fi:id
cquals z2ro, the tensor of dielectric permeahility, Sup= 64‘, + - ovigy. fo,

cosnists of the sum of the three terms, on: of which is iho tosor g 0“ the
homogeneous plasma, the other is linked with ti.c helerogeneivy ol wi. wove aa-

p.

, -3-

The linear apyroximation in ressict vo the gradieats of the piasma's equil-
Oe]
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le, azd the third is associated witii tue gradiont of the equilibrium dis—
ion function. Taking into acccunt ihe importance of the case of low-fre-
ncy_ waves, when the heterogenel uy effecis are pariicularly appreciable, we

wrcte in Secwe 5 an expression i‘o;. =y Joxr bis case as welle In cddition ic
€ for the Maxwellian plasma {low pressu e type), zn expression is also ad-
duced fcr whe projection of the polarizaiion ver-tor X for the direciion of the

wove vector, i.2. an expression 1or {the cherges' density.

In §zct. 6, we have derived = dispersion equation deseribed thz Alfven
and lonic-sonic waves ir a low uressure hewerogenecous plasma.

2 Solution ¢f the Kinetic Equation

Ve assume that the piasma is loca.ted in the consitant ma'rn‘. ic and electric
fizlds B°,"E9, the gravitaticnal fie¢ld g and in the field of Jhe elecircmagued-
ic wave =, B. If we postula.‘be thai the mesion of each charged ,la.sr:'.a parvicle -

s
for a ceriain itime intervel is sniirely deiermined by ihese fields, and not by
the ccllisions with other particles, witrin this time inverval of disiriduiion
Zusction of each type of particles, F, is doseribed by the known Viasov egua-
tiont .
af j e 1 c s ¥
R AT YtV X B4 —
- B < +v- er r['m me "
. 7 é . -
. +"><“cj“ajv' =0 2.1}

Here 7 = ¢ 2%+ m g, ®. = e B%mc; the remaining notations are conveational.
Inaszach a5 Ege 2.1 is a linear homoseneous differential eguation in partizl
derivatives, its solution can reduce to iz solving for ire constants of ihe

motion oi the corresponding system ¢Z ordinary differ-=ntial equations:

av e h}

R T -——va—-—+vx«o¢ -

e dr 9 N
- ) S =V (2.2)

The latier ones are handy to so‘ve, after naving sﬁected cylindrical system
of coordinates in a veloeity field wiith a polar axis zlong the megneiic ¥ield
" DBO ané a Cartesian system in an ordinary spa.ce- Then Ege 2.2 can.be written
over in thke form: .

-&,ﬂ-‘- daE-V‘-.+f—— Vi XW+F'VJ.

R al ¢ -
a _ ‘ _
& =¢L. v.'.—-"—B— xwo .

d 1 .
3 '&?f =——w¢+-'—m—_|_-(—Fxsm‘P‘_l‘F1°°39’)

“'?;.7-'[ (1-;-,,—3;-'-1:,).\-;?. o
T o o

I,w,',.n._ .1;,,) cos ¢ J - (2.22)

(Eq. cont'd)



L Ge . &y - dz
N =u; CO0s P; —‘I‘— =y S, N =9s;

it is assumed thal the orieniailon of heoverogeneiity of the ploszra's equil-
ibriums parameters lies in the plene x, y and forms the angle ¥ with axis x. Jfrom
nere oa, we will sl":l;y this orientaiion by a, so ithat:

a=zcos PL-ysinp

ke Znvegration comsiants € :1°, 2 )9, &, r_ arc so chosen ilad they

. ’ ’ 7, To 8xC
aave cospecuively the meaning of the averzge in respect to pericd of rota-
- N ~ . b
tion . « magnetic field and in respect o pericd of oscilletions in She wave
field}, ¢ the tramsverse and longitudinel energies of a narulcle, of ihe av- )
erage inivial (i.e. initially averageld, axd ithen taken at + = 0 roiziion phase
and oI average initial coordinates o2 the centir of the Larmor circie
z . [de - rde
&y =¢1%4 —a—'!'—d:, J —Ldt,
dy rds -
[ Tit—dt N l‘=l‘o-—,~j —Tdt (2.3)
p -
dere : oo d t signifies the indefinite in- wal in respect to time; the subin- i
¢ o 1
o -
tegrai expressions are the right hand part so of Zg. 2.28; r, = (XD, Yor zc)-

Takinz into account thet the plasma Is hetero"eneous oaly in the direction .

&, aund assuming the independence of the eyuilibrium distribution function fron
the pias¢ of the Larmor motion of pariicles, we will have the folliowing depend=—
ence of a complete (i.e. taking inito zccouat the particles! motion in fields B, .
B) diswribution function f from the motion constands: :
. f (l‘, Y, t)=iq (3.L°' ‘Eﬁot Eo) ’ (:‘"4)
(2o = x5 cos ¥ + y, sin U3 J, is 2 certair function typifying the plasma's
state, having the sense of the disnr:uutlon functior of particles for a homo=-
gengous p 2sma, and in a consideration of th: heterogeneity-—of une distribu~
tion funciion of tae Larmo: circles).

Ve will assume the fields E, B are sufficiently small and we will make use
of the method of successive approximations, finding initialiy the "unperturbed"
part of tke soluiion of system 2.2a, and ithen the "perturbed" part, iinear in
roespect to B« Be The gradient of tne constant - sebtic field BO and the ficlds
g and E° are assumed to be small and in the integration of the motion equations
of the pariicles are considered constartbe .

In this case, the 'solution of an "unperturbed" system 2.2a with an accuracy
up to the first degrees of g, 29, and “7B° is well known; iv corresponds to the
Lariaor rotation of a particle around the guiding center, slowly displacing across S

the magnetic ficld and the direction of the forces, and may be represented in the BN
forn:




— gr=¢,%—m v sin by

. &;:e';o

> O . 0
Uy — Uy twas 2uy

p= o— W0 t— w_,;—-cos ﬁb-_-‘_:(po—— .‘II_L° coS ﬁo

— : L %o ., u -
B=Ty— g i Q¢4 (1, +uy) sin p - 7)7‘; cos (5= mo)
~%o

z=zytu%¢; a=a,—2 ;sin f, (2.3)

: Here

[ KL .1 ZEY
Uy 5= o — = 3
1 2 ( da )a—g‘ ’ ug mc(: m la

00=7’.L°I @0  wod=w, (ao) »
Bo=@o—1v. vi®=(2e,%m}?, v¥=(2& mW2 (2.6)
The corrections to the undisiurbed iraasverse and longitudinal caergies of

she particles, which from now on will be symbolized as € ; ', €', can be rep-
resented in the form:

& '=¢e1Et+esteF,
&' = GE—&B 2.7

where
s_u;=»eJ'E-v_L at

sig= J-E-v:( dt

o

- v
ss=-—£~fB-v_wadt (%S}

&' =U’F v J_dt)n

where the subseript "BY signifies “"perturbed®. -

: In the inteégration of the e>:preséions containing E and B, concideration
E% ’ is given to the dependence of the wave amplitude upon &, so that, e«g.

E (r);Eo (a) oxp (—i wt-i by z+ikz 2)

Generally speaking, it is necessary to take into account the deponcence
of the wave amplitude upon the coordinates in the case of a heierogeneous
plasza, since here (ia distinetion from the homogeneous plesma) the Maxwell

- equations possibly can not have solutions in the form of plane waves.

USing E‘l' 2'5,

I : N .

By (@) =B, () — g0 3R Bopat
1 . oxp (—iwbiikea-i-ike)> [l-,- i ;'j:.",:‘--cos (qjo+ﬁo)] '
o woxplikery Fikeza—=i{o—=ker0—=ke(n, 1) sin ]t
i ) . © —ikegosingy} (29
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Zisd vhe explicit form of

-

tine Gejsndence on tinme of t'xe fle’c‘..a 5 and 3

C"

«aalegously for B.

In $he integration in the righi-hwnd paris of Eq. 2.8, we w

will reprosent

E
expencnt oxp (-1 k  go sin 9 ,_,) in ino form:
o
exp (—1ikx g, sin ¢, ,_.> Ju (s pp) €718,
7 —co

= tkhe Dossel function.)

Then with the zid of Igs. 2.7, 2.8, wad 2.9, we find the valiesz 3 L E
- 2 7 b4 R
E, €B,&F', as the functions r , v, %

g
£15(re VO =ieun; "Tf,,-“c"""‘»’\ = Eexidu E,
o

n
R, Qu—‘-_.l-" ,(I, " )bl.l‘l,’l—-.l(-‘}::"—) msy:]
D %
& WAY
-0, 0"" .I,. (osy—-}-in({'—') sin 1;1]

4 ';l"" Ju (I2: sins Y= Fy cos 1)

i 1= 4 4 J""
'5";}%": le;-":ilﬂyl[ Iu :'s“o( nT—"z—)‘]

+ -t 2" oosy)

2\ e YW
=)(—_.1} .!cos 1/)-;'-17&.7,,'5::11;1}5 '
s/l dd

X oxp (—i @' b1 By wy=i bz 2g) (2.10)

Cog o
£5(re Vo) =ie va“s\m“e"”% iJ,,E:-igo (J,,' €os P

+i 5 ~sin -%— +i— foEz[(:‘g"l' + J,.') cos P
s (-ln '
+in "é,,') sin 1,:]} exp (—i o' t1 by 41 &z 2) (2.11)

o ____’_’ﬁ,lm _‘_'ﬁ_]{ - 212
=gy R — By - B (2.12)

-

e (1 V) = —c 2\;‘7,,.°u-i»va{’1-:x—l’f- 1;,,)/ i Jusin p
cad \ ¢ \

n .
. Y Y
+Ju’ cos Jp+i—2sin ﬁo) + x(ly,-‘-—:—B_\- —Jucosy
-y -

nJ,, 1. [ndn

cos fy+idy’ smp’,,)-;—x-—-— S\, o8 Y

-,-i.l,.’simp—J,.c_os‘ﬁ.,)} oxp (—i o' tikn %y +1 K2 2¢)
(2.13)

’ -
Eo=po ke, Yo=(0'—n %),

' == ke v 0=k (0, u,) siny .
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It is also necessory to compuie an exnress;ou for the disturbed pari -0Z~F
the shift of a particle along the direction o2 the gradient. a' = x' cos W
+y'.sin ¥ . It is easy 40 see that a' has & form analogous to £ 37
only in’'it ix place of P, there is the wnii:
1 '
o' = -j,- s:-' . (2.14)

Hence we have found & solved *‘or the syetem of 2.2. In order to write a so-,

lutios of BEq. 2.1, it is necessary to express ithe motion -constants by r, v, t.

Using Eqs. 2.4 - 2.14, ve find . ' ] i
| . . | ’ ~£.L° (r) Y, t)=s*'-€_L'-'8_L’ (t, Y, 4) ) :
.o . l‘ M : |: ﬂ‘“ (rl _vl t)?ﬂ!"‘sg’ l_t, v' t) - . (-2.15):; K
I N B :ao (r, -v, t)=,.a"-"_"'-.'¢' (r‘ v, t) . -
vhere 7 . | .
F_Lf——’_—m.u._.' vysing, a=—psinf, : S,
L e =eE (v, e (V. )+ es (V. ) (2.18) ' »
B . v a|'=a|z;(r. v, t)—en' {r,v,8) _ .

_The express:.ons cJ_E(r v) a.nd Eh(r, v) have the form.«’ s

é
3 'e1m (r. vJ_e‘e“""Z(qu‘") I}L e
.- - . .- B ‘ "'?QLQ(")‘E_L‘"’ B
- ens(r.v) wwe‘“‘“’ /{ znqz“‘)Ez - «;:a )
2. ey T _

.7 L - -—z;,t,,(u,za aa’g‘)e"" @in .- . .'_» -

. . -'-A_', . - - B D /

where : A - _ S s
o =t @) .
q0x=lenlc, qW=1Jn H oz-—Ju (2.19) . -
7 . o q: =V [(Ju+Jn ) mxnp-—x PA --—\ 0081[) \ i _
4 =t "'E," sin ﬁ] + -—«J..s.m;:-i- udd s f '. ’
_ . n u), IJ., o B -
} B + 115{.. (cos % cog ﬁ)] by [.. ; ng '\"5) :.!nﬁ o
- i, ( 2 o0 B) + i cos (-'—-"'—-' )
. - +aindy o8 p—rg neosY\z/ -
; 0= Trs ok -2 sy
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The expression EF' has tne form*

&F (l‘. .)-——u’u ehsuw\ P €= {1,-

Il

— : 4:7} Jusinyp— (lb’, + —:“'- I)’x) Juecsp

- SRRLY S (./..' sinp — l"_’-"- cos w}} _ea2y

The “ela.tlonshlps in Eqs. 2.12 aad 2.14, L.n.k:.xrT EB vith € \E and re=-
spectively a' with EF', retain their former a.ppea.ra.n;.eo
Taking Eqe 2+4 into account, we derive:
i (l‘, Y, ‘)=.i [8.1.—6.'."_8.!.’ (l‘, V) ’ 8“"&" (l‘, V) ’
a—a"—a' (T, V) (2.22)

Considering eL" , €1, Eli Y, a", and a' to be small values, we I3n con=-

duct an expansion of the right part of Eq. £.22 into a series with respect to .
these veiues. Then the terms noit containing the perturbations will yield th- o
'-uz.lz.bnum distribution funcﬁon, f9, equalling L - A
/"(r\')-—I‘,(a:l.u.a)—--—jl’—e',;'—-‘;;!lu" @23) I g

while t.e icrms con’. ining the fields E, 3, will yield ‘the perturbed function, ,

1. so that :
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. The.vectos T has the componeris: -
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L Yi'bh—':.ne aul o.g tne dxstmm.tzon fu.wuan n found in Sect- 2, we cen
uumpu.,e tha énsrby o... the curz-en’ts _yduced oy an emf in tae plasxaa-

’ Ve w--;l. Low ur:.te. om.ttmg the intermediate. steps the express:.ons for -
“toe densrby ol ckrrents and density of ‘;ze charges.” - .

'J.'ho curz*ent :g.:ued w:.th each type ¢2 ha.r-re has the form:

p e~ h?%:l'ﬁ c- _(3-1L

“where - ','"- S i B A
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ize commonents of the temsor . are linked wiih the vecicr (of) g
“ <

in the following manner:

- - [laxesg) (greosg)  {gzcosgdy
ps= ; (ocring)y  (psing) (g=sing); {33)
: vl Yezy {2) )

D

The bracket { around. ihe .-value siznifies.

% =m .
- 1 0.
[1N S8 isne—i . . ey~ -
- - i (_—.',—_—_ -2;—;.1 ') iésae "'f dlp {3-’..&) :)‘

As is evident from Ecs. 2.24 zad 2.25, the vecior ¢ consists of four “. 8
crouds o2 verms, one o wilca does nol dedzanc on the usierogeneities of The ’
fia2lds or ihe forces P, ithe oiher is alrribuiable to the heterogeneity of ihe

wave ampiisude, the third o the roree 7, and the l&ls one—io the gradiocnd.of
whe lconsiant megnetice field 3. In conformity wiih this, we represeni the ien-.
sor q_ ., in the form: -

. A& .

o == s v —:;: G¢+'—;‘§ Hy;  (3.9) . -

us 2nd u; = the welocities ¢f ‘he gravita.icual (and electrical) and diamag-

netic érif*s (see Eqe¢ 2.6).~ . -
dere g 3 % = the part of tiac tensor q 15 not connected with the het-
erogeneity: = ¢ . - i . 5
g
,ll=-lu.= ’ N ’..:..,no,q‘ - _'nJ," = * . % :
& 3 i i f s
B P A " . : - - T B
Tolote® qag= =SB —idadd | -7
N : 13

: Lo SO K

@8 - , .

he tensar. Vg3 is conmrected with the Jxeteroéeneity of the wave ampli-
tude, ard as follows from Eq. 2.25, has the form: -

s o 5 B ’ —11-
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where — -
. [0 (4u°—42") —‘Izz"’z.\. )
B vag == | =0 O 4% ) (3.5}
- P30° ¥ 93.° ¥y 0
{1y g%
_’df'=_i‘ag§ 120 v _%zo ¥y, 9230 ¥z - (3.9
A’ 6 73%
The tensor Gi g , liuked with the effect of force P, has the .ppoar—
ance as in ©qe 3+10.
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The iensor h*,; , conditioncd by ile hetercgeneity of the magnetic

: ;1e1d has the eppearance.as shown in Eq. 3.11. - -

oL The tensor '-,lq 5 is deuer:mu. by the relatiomship
| pas=bags® (3.12)

* waere . - -
T L ’ b=(cusgpsn f), ba=(sin ¢~sin By, by=Cind)
S - " (3.13)

. Ia This-menner, P, has Jhe Torm 2s in Eq. 3.14%

inally, the last of the tenscrs contained in the integrand. ol Zg. 3.2,
Taz  is.determined in the following manmner: .-

1,3=-';":q,6‘13 x==1,2,3; §=1,2

v - - 133_" ';;;'I:o' “3 a= 1- 20 3; ‘e=3 . (3'15)
R . - . e
a2nd Prom this Eg. 3. 16 is derived. 32

. The rela.t:.onsh:.ps of Egqs. 3+1 =~ 3¢15 together with Eq. 2.33 completely
determine the currents being induced by an cleciromagnetvic £ixid in a hever—
ogeneous plasma, as the functions of the c.uilibriun characveristics of the
plasma., of the amplitudes of the vave* 's electric field, and of the derivaiives
of the a.mph.tude in the direction of” the plasma’'s hete"ogenel.ty-

’ Subs..:.tutmg J, expressed ’by 1‘. into -the” Ma.xwell equation:
.. ...5 -
VxVxL—-"f- = '-‘-’-‘-‘-i";-j 3. 17) .

we derive’a s_ystem of equa:h.ons int¢ which only the a.mphtudes of the . w.ve's
electrzcal field are unknownse. -

We ‘wote that in.an examination of the longitudinal oscilla‘bions, iee.
those in vhichk YX E= 0, 1'('. is convem.ent Yo use in place of Eg. 3.17 the -
Poisson equat:ton: :

. V- B=imp (3.18)

. . . U
- The- densrty of cha.rge g, entering ihis eque,t:.on can he cxnressed by
the durrents j wlready found (as functions of the electrical ficld} with the

aid of the continuity equations. However, it is simplexr to find & not with

g B P .. B =
a ARLI RS T - .




tue <id of €, bub directly with the il of the &iswribuiion Zunction U {sce
Zge 2425« Geving integraied 2g. 2.25 wiih resnect Yo velocivies, we getn e
£ollowing expression for the charj: denzivy of each type of pariicles:
B gw‘:.\-.‘t: 3.14) =
wiers
—o0 .
.
Xa{x= ;..)—-:*-ic::} jGe_Cr. v 0¥ )
)
fe —ed
SO0 WD Taa Dy
-6 N
—=—ied 1 .. Lt XY i
Xy=—i¢ ZJ de_ Qi nevilgsn ¥ — s 9. ;
Bem —00 . . .
. . . ;.
- Tasfpa) (3.20} H
E 4 Second Approximation im Respeci 0 Gradiernts for Low-Priassure ]
: 4 Second Approximation in 2especi to Gradi t for Lo T
£ Flosma :
E .. - [ .
i - Somziimes for very low Ireguen y WONTCE (;-;.;’ n u‘r.c '.‘...; s in

;;ra;:-ortional to the zero and -.'.;'s.. deg

wrove necessary to itake into account in
toat are suell, i.ee. as the square of
for the distribution function, Teiking su

AT S LR SR

1
e 3

e linit ourselves t0 a cose waen

lasma oressure is

¥ o mae: less than

—— Thay of -ihe magnetic field {1ov= ~pressurd ma)e As is knowa, then thu gra~ )
dlens of ihe equlhbrn.: distridbuiicon Juaciion can be cousidered as much :
luzzer thon -the gradient of the magnellc Ji2ld, and, teking into acccount tie .
squares G2 the gradie..ts cf the distribu.... w..ct~cn we can disrggard e )
values the a.*e quadratic {and of 2 higher orcer) in *esnect 10 the gradiex 3

- of ihe mogneiic 2izld. Purihermore, She veloc:.ty of uhe sravitational dxift
ST Y 3 ¥

il be regarded as appreciably higher vhan thot o2 the diamagnetic drile, but
- muca2 lower than the vemczty of tihe Larmor &rift, i.e.

5 i @ dwcl gl 1l & e s, a : : :
: - T | S wi i re ) M;udvg (1)
ﬂ B g = i .°dv -
i o J .
! Then we can also disrega.rd “he values of the order g2, but we retain
the values of .the order‘g ? j’e/ Jae+ In this nanner, the second approximeiion

= ol e ;“csgn section signifies maliing allovance for the terms of vhe oxcer

~2 - . '
3 oy .fo/aa. . vbfo/na..
2 Foxr conven:.ence we sclect such a reading system, when in <he point in A
# snace under co*:»:.de*‘at:.on, the u,uilidrinm clectrical field ruals zero, i3
£%(a) = O. Understandably, in the wGjaceats points, with some olier coordine~ b
3 wve a, LO generally speaking is not necesserily reveried to zoro. Howev.r,

estinotions indicate that the effects linied with the derivevives (of) ;SU,_'
are insim.ilicante '

\ il

Usins the assunptions rmile, we fine ihat o solution o ihc system of -
equations Zor tvhe unperturbed ..iion of a particle will as previousiy be -
devermined by Eqe. 2.5, in vhich however, u, = the velocity of only tho grave

S

[
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al érift (since BE°® = 0)- &2 o the emsuing relationships &iso rewain
ormer appearance, with the excepbion of ik expressions for whe displace—
.a particle in the direcdion of the heucrogensity, wiich {expressions)
ull alsc contain the terms proporiiomz: 4o u,. Thus to the value z_'(rc, v°)
see Eg. 2+14) there should be added J 2', where

gl ¥+
Lt ¢k
& o

s ele
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on
cha
B
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[+ 39
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) B
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-~ 4

. " éd (ro. ¥ v, l)——,,f‘;';:'cz ,n"e"“’-(Jn cos g (.2}
41.0‘;)

_.'mJ,. sin )
D 2P

- - B i.
The second equation in the system 2.16 will also change and acguire the
form: : - - u -
- e"(r,V)=—psin §—_2 o
. e \5e3y

while in the th:.rd equation of sysiem 2.15, the value for a'lr, v, %} is now
fixed by the equation

a (v, v, l):—.—‘":.:' eifsing \ 1) e-iny {r(Ex
, . eng

b fgdsing] L. Be %oy !'./_ (1 :

L

a 38 " L . [P
s IS v, Cosgho— - -nc.h;,...s .]“ s"‘I‘J

-~

+iing (141522 -u.-up-—x-—-ncoaﬁ

. c
. Wy u e
+ = -n cos f4- —3 i R 3 S £t
1 b+ +i- sin ﬂ) s & J,"sin £ .1}

(4.4)

. Pinally, to the expression for the disturbed disttibution funciion (sze

Eq. 2.24) there should be added 0%, where N
e vl

Gel e 053% 0a .
3
+t‘£“""—'.l0“)_e' a” e acaj_’faa 8::8{;:6(5)
- | e “ K fu- —a.a(s‘rna_fi}{‘a‘ &iE at:goaa .
o —etalils = vans) (4+5)

- This equa,txon is valid at arbitrary values of W/ ® _ and E . owever, at
w/o >1, PAN P constitutes a very slight addition %o J1;. also of low

va.lue are the correspondmg -additions to the tensor of conductxvr!;y LR Ve
will -show that these additions become significant at wém ¢’

Por simplicity, we will a,ssumev that ths function 7, is Maxwellia th
A tememtu e independen of a. Ve shall cCisvegard thé -vra.dzonv of vhe cous va.n'b
megmevic field, fB® =0, and also the coordincte dependence of the wuricdhle
fields® ampl:.tudes. Ve consuler o wave propasuting across the magnetic ficld
(k = 0) and agross -a, ( ¥ =7/2). -
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-16= - _ -
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Tn ihis case, with the aid of <he funcuion j* + O S, we derive, e-g.,
the Zollowing expression for o’x:_: -
59

- - o« -

ie*n, > f ., et
Gax= < s dad . Jud
XX m 2 :"lf “"*‘ T i n

n-—ao

e
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- I (4%

-" n- ‘- [’.2 —-—,J.-- —egy cl',,-T'J,. ‘j
Twmr ?

) —u j [ a7 da = 524
: muv; T
o L"'n
+ 37 Ve s 0
x mu ¥ .l.; g JuaE _Ju\
Lx ‘xT L Ls “ T n

N A ‘-J uiJu”) &

\¢ I J
Tl-x : 'In |-‘
----- 3 LJn (Jaida" )T (_E_) _Li‘} .
7=.!”(-n,_,>' /-.__’?”_«:' ny
n, &y 74 ny, Gy* . (/,. .6)‘
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it iz obvious from Eq. 4.0 thai the bern of the series with n = O reverts
seo in he case of addends o2 the zerc axl first order in respect to g and
vt differs from zero in the case of the waddends proportional do : gH e

b
®8

-

Gence for she low=frequency waves whea 1.3 # {tae values of the order of
A O3

2 . . . . . . s

% wns g¥ enter into O xx with considerably greater weight than do whe values -
- )

o the zexr. ‘order and ol the order of g, %« ] »?

Mirther, inasmuch as in the braces, the cu.uer'ds of +the zero ordex are even-
functions (of) n, while those of the first ordexr ars odd tlien their products

tir:es. . R
N—-——(l-l- “"‘(ﬂ‘-lwc))
s poy +

Nwc
enter into O <X with a weight of varying order: zero—-with a welght of about
o/ o? while™the terms of the order w, g enter with a weight equalling unitye.

Lherefore, at oge , O _ acquires the lorm: .
c xx o

: a'“=—_i:‘:_noz" f__ds,l_ T&a ( + ﬂLx)Ju

e n 0
7 "[ 2 __!."."i’ Ja(u-Tu" ] ’
: R A g [ u) (i -.ln)-um( g

.. ie? Ny —— e ,{ .
ww | (myklod .lrl"' ol { iox® oy

R ¥ myg Il-\ ..
Tk ke '1'( Jodit s "*')}
' (4+7)
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the wave length,

Ve =lso assume that the ratio of the Lariior radius

me &/ 2 2
Tk /mvs Zi. Then ’ .
- . . x 3_£ —gx!
s g A o 1 AT U TOR (4-8)
mac 2 mag ‘”':‘(akxlmc))
¥rom this it follows that allowance for ihe Lorms of the second order in
respect to the gradients is necessary at the frequencies:
. i s
ar-<y’.-r,¢ Z {4-9)

1
e # B

. ins

Such frequencies are at the same time T,yplcal for the magnetonydrodynamic

bilities Lref- 2]9

5 Plows ard Density in a Low-lressure maxwellian Plasma
€,: fox
the plasma -

: - 5.1 -In the present section, we adduce actual oxpressicns of
an irertant particular case, when the funciion F, is I.a.xwellm.., X

'pressure is small in comparison with the xzageetic pressure- {8 Wp/B * \f‘;), waile
';:awi';ational Zorce is lacking (o = 0)« Wo will dlsreuard ent:x.rely the het ero=,
geneity of +lhe magmetic’ flel(l, «e+ we will counsider thail 30 = 0. .t 87 *.)/B
this signifies that we are excludinz Prom the deliberation ikose waves h..v:.ng
a phase veloczty of the order of the vclocity of .liamagnetic drift, while in a
‘consideration o the more rapid waves, we a:.sregard thas ev:ponenn.ally small
berms in Gyp , coaditioned by the interaction of the very fast particles with
the wave. Ve so select the readout sysbem that Z° = O. "

1114

e
In this case, the {emsor of dielectric permonLilidy,
will consist of three parts: of a homegencous one, €y &2, iee. one coinciding
part linked with the heterogeneivy

with €4
t:.ves of the equilibrium d:.stnbutlon i‘unc'b:.on, Ea,‘ s le@es
” (5-1)

Eqp= -‘~‘¢4i°+vu,a e

The tensor Sga % was compu'bed pr ev:.ous;y by humerous autaors ;_;e*’s-‘i-@]
It can be written in either of two ways: in the form of the sum of ar i 1f:.mt

for a homogeneous plasma; of a
of tHe wave amplituda, €4z¥ ; and of a part deperding on the spatial deriva~
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‘Just =5 eq. 5.8, this equetion was also developed in tae paper
Timofeyev FRer. 10/ by use of another uethod.

BRI e P
Lowever, T,:.:.s conirisuci az daivicn to
vzlues. Therelore benera..l.y speexing, it <oz Aot Te \,...i':;;..a.
Iz Wae suwdy of the lonpistulinsl luctunilons,
use wonente oF th2 tensor g5, bul The component
eG. in {for) the direciion of the wave vacior. Thas
wilik ire the Iorm:
) ) X-k (5.7)
For low rressure plasma with 2 iaxwell distribution In restact o velcci-
tiss, this egcuation can be reducsd to the folilowing form: (¥4 WV Ic it
- . » H
\.\ h: r:no v x"u ag 1=MN2 U, - o
-+ > TE e p e 5.8
1+ D5 D {keo N
l.. ne—00
o Qi ]
- ‘i“ ""’ .'.".i"“ (l - n‘m i_:"-" ]=r"‘ -0
ug o1 e rwe  GzuT J . .
I" maarature é.oes not depeni on ¥, then " -
- ’ ) < .
=c® " n ¢
. 3 T 4= 0: no 3 I,e= j:« 5
- gu—oo
' xl_x ,,,\1 1=t 1, =
1— rr | 3.8,
T (R s (5.82)
o
- - —-- (1 'rn R%}?ﬂ,} 0 . .
E =..L°_“o_ . by
. " 0y L
If the freguency of oscillations is lcw (O ©.;), in place of eq. 5.3a we wiil
4 4 J N cL!? 2 =
ve: . ’ ’
. 4 e, f. - 3 .
1 ° =y r Y Ry
. -.-2 w1 +ieRn W el =2 2] g
- . .y (5.9)
- ‘:"— m g -

by Xadomtsev &

s Low-Fressure Zeterogen-

in

Fluhtu,.tions of t e Alfven and Iou-Sonic Ty'lpes
eous Plasma

-

Ia the Prescn ispersion ea“"Liovx Zasariving

ect:.on, we have derived =

Tt . the slow waves, G- vh;.cn the phase velociiy is ruch less than the Alfvon veloc-
- ity. The frequency of oseillations is assumed ,‘Loz-r in comparison ‘wit2 wwe eyclo-
- tron frequercy of the ions. The plasma p*e...,ure w .1 be consideéret =il ht as
.. - compargd with the pressurz of the wagnetic field,8=8w /3% 1. o
N Wz shall excmine-tae waves proLagating elrost transverse to tre constant
Vo .
: - R TR ot B




“
o
=%
LELTOT
o
¢
> o~
w(VXVXEke=es8 (81
B . - T mT e - ~f - :
The connotes e Triseatc Ln S oF wha Aiffercniici oxEroUnYS Y JE.
z e
- 3 —— Y . PR S - ” - .
ESLAY) { (‘J=;;/2,, we v Irsi Z¢. 0.t R
o i .

N2E, -iN® X (.si:ﬂ) f..b"- +eosli L,

k . vy @y
. ! - '-. :
— N2 ExcosOsin§-i- N2 {sin2 — - 1 : - oY

icosl ., GE, R
2 SITONSY e B & Nn
o : %y =£7¢ B (6.2}
Ne=cl¥w?,  cosl=klE 3

™
N

. \ - . - 1a9 .3 - « am
eonzider that cos® ¢ <5 siz® &£ n. L. Since &npactos’, wnile
k<o, (pt=B%4nn,m); 1= PE, -

o 3 57

Pe . - -~
- 2 3 . 3 wpeeh o ~ e aa £ TaT-as
From the zecomd eguotiocn ©F system .2, It then follows:

055). B=13 (6.3

4-
- 8

. n “’
Suns4ivusine this expression for E. into ihe other two equations oI ©

1 -

x i &
A “koiy

o w P
N2 east0— gy -

Lottt 1 9
Nz £ oy
icos 0

— (.\'2 (‘:m 0 4 g5t -

- H

- !

N i

-

o - v
t 25w -
i i g oL v v W
s - . v DR Y L TN :
- - . R . B :




. - - 5t
- 5 . .,
- q" N L3 s
v. . .
e
. . 'l A

. . A R -
.
.
.
: '
. . .
.
i
e aimer e d e ae ency et o “r o T oo PP, X Al e g
.2 CONALGEDI Tae irequenlly oL SCL L GACTE W) S22 1oOw &C Cv...uu-\.'.-. oo Ty Pl VL <]
e o - £, ) ~ =
o C-.GY \ by e results Iz 3ect. I,
1.
r

- Tith the alld of eg. 6.5, we can te assuzed that the field B in ihe sec-
3.

ion in 6. is not different

ond cemztd g
exprassed s* '“nl:,' Y E\_:
.t - .d iens 8 &
% { N2 cos? Sarte __AC0ORD 9 .4
X Vool b+ FE— gy et
R
—-.ic.d-?—Ex) \506)
3
}Ia%fizzg'excludgd fron the first :guztion in 6. the field Ez’ we .erive a
dilferontizl equation for 2 ; avzndoning a study of the spatial Jepend- —
ence  of the field E,y, we arrivé (sce anolozous formulaticn ol the nrob-
iem in ref. 1) at the "dispersion equaiion': :;
o ! P i'é
- N2 ou® O— gee— ST o “;;.;’}{' - -
) S 3 - 3 ) : :
—|lN: Sty deesd o a ll
' - [.\ cos § + ¥ 3 Exr -('"I] , .
‘ ’ ; ’ - i 0 ey \-1 - (6 7)
r : . N2 g, o Eviyx | 1C0RD Ofye .
A : x( A TN A )
q - . .
- : (Ve e 04 S deoud Gy
M . X (\ @s 0 & ay =0 ]
*:f ilaving estinated the 30( 2 ~value and d.s.ca.rc-.:.ng the terns of ilic order
» N
P . B an& ('-VA r/a} ) B, we can arrive at a more compact equation:
ey . . e e, . -
E . . . 1 ¢ . N
§ - oL - ( ‘j,‘,;—a,‘;i—l\”cos= G)Su—N’(Exx—- )=0 . 5.8) ‘

F T Usinrv *‘che e:-'n“essions for Ea.ﬁ fron Sect. 5, we will write this cquation
,; . ms fcl'* ows: ’

e - ) ((u‘— w i¥— I (1'@")) {l -i-'Z(Exz" ' .

ke Gy o

.. . ~ - - © e T

q e '..+.x,_,e_.«»c_l, )]__czp(__;‘_)_,,d_. (6.9) -

m‘?a.‘&.



(P P S
( 4 1— ln\~u" “

It is zoaly to study ege 6.9 in e .
eitier 2 sv211 function (e = vn)

a’ si.:‘~>l:.

cos 2 iz o

w2 will ass:
the forn:

.
. &xo_______f’-f. iy + ;’ﬂ:‘f_) Iy0~=
o~ 2 6=
wi=4menofm . =
e will nox 'ae coancerned with the ainor el ccis associated witn
{ - ;;)2,-’.:; s ), hence we have dropred Jrom the rishit hand part
Go17 =iz eippornentially small imaginsry teus.

"L

Tre »uiio @ /': v,,. {the arzuuent of the. eleg\“:ron W oee-fan

ciion

egqual
will

(8.12)

9 will

c: low or kigh. In t2c Zirst case, we cdn assune ¥ to
welly, so that ian this connection, the € __°-~value for elecirons
equal: EO— =
Sm2 =3 g @ )
—— e - -:Iz
E22%= i o X \1-:_-1 = T
wailec 2t O D X v‘l‘e' for the clectroneg alue, we will have ihe ex-
# -l ol
pression 6.11,
Using Egs.-6.11 and 6.12, we thet atw <€k v, , eqe 6.
. z Te
ryield: ) 1: ”
2 bxde ,3 !
( © 0~k (u)){ O T gy, -
T -
) 5‘-—-5 Ifz)o-s {1
k-T- ] : ’
e By B o (@) 075 mg T-l] P
l"”ﬂ‘ kxTc 3
-13
+ ksvTe (l+m¢u¢ P 0J h“‘“ )}
zs-«l»z'v.:’w(m—ms‘)
A - 27~ , -
v .3 R M “I - C B
N [ 11 o |

(WS

P

4,
o

5

=N """'&&4

YT 2
H

L
=

%%%2 e

A
=,



. b 2
A
. .
>~
- £275
a ke T
(0P~ 0i® — L2 04%) \m-,- o ‘-”-‘% -;:I- Inn, 7 )
. < .
2o ] Py 2 - rz !
w.- : = e t0f (= %) (6.14)
b - inge'

Zguations 5.13 and 6.1% are used as points of Geparture in the report
coacucited oy the author in cooperation with L.I. Rudakov /ref. __/.

Cn tize basis of these equations, in the work indicated thore was de
veloped an overali pattern, describing the low-frequency (o <:m L) s1

>

{(vo=. /k.<;y ) waves in a lovw pressure he»e*oge reous plasnz. Zﬁ was deun-

onstrated that, just as in & homogeneous plasma, the number of tranches of
fluctuations, ® =w(k),; equals Icur, twc oI which can be. c_ass* ed as ion-.
)

sonic waves, while the other two can be cla551;1ed as A1fvén waves.

The waves hei ng describeé In eg. 6.8, in case of the real rave vec--
tor, nave « complex fregquency, ihe imaginary part of whitch cau w2 both
anegative (as in a homogeneous plasza) as well as positive, whiclL corres-
sends fo the buildup of oscillatiorns. It is possible that the buildup of
such waves can represent a hazard _n tkc experimenis in the cozinerent of
nlzsns. . ) :

-

7 Conclusion ~

™e method offered by us permits the investigation of all ujpc

i $ of
..::f;l'-sc'al\_ (x>u) oscillations of a 1:\. crogeneous plasna loca.'c_ec’ in a
etercjencous magnetic field with siraight lines of force. Some of the re-
f"’;s,o’ the present paper have alrzady been used‘:pr the nvbstzgati n of
certain types of low-pressure vlasna oscillations 34 reports &, 1ly & 12.

it is 7*ovosed that certain prcblem= be considered subsequently.
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